The causal mechanisms responsible for the abrupt climate changes of the Last Glacial Period remain unclear. One major difficulty is dating ice-rafted debris deposits associated with Heinrich events: Extensive iceberg influxes into the North Atlantic Ocean linked to global impacts on climate and biogeochemistry. In a new ice core record of atmospheric methane with ultrahigh temporal resolution, we find abrupt methane increases within Heinrich stadials 1, 2, 4, and 5 that, uniquely, have no counterparts in Greenland temperature proxies. Using a heuristic model of tropical rainfall distribution, we propose that Hudson Strait Heinrich events caused rainfall intensification over Southern Hemisphere land areas, thereby producing excess methane in tropical wetlands. Our findings suggest that the climatic impacts of Heinrich events persisted for 740 to 1520 years. P aleoclimate proxy evidence suggests that the climatic impacts of Heinrich events extended far beyond the North Atlantic basin (1) . Enduring questions include whether Heinrich events initiated climate change or occurred in response to it, and how they may be linked to abrupt millennial-scale climate oscillations, typified by Dansgaard-Oeschger (DO) cycles in Greenland ice cores (2) . Early correlation between DO cycle variability and sea surface temperature (SST) proxies found that Heinrich events occurred within the coldest, longest stadials of the Greenland d
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O ice record (3), referred to as Heinrich stadials (HSs) 1 to 6. This correlation could suggest causation: The addition of fresh water causes a shutdown of the Atlantic meridional overturning circulation (AMOC) and prolonged cold conditions (4). However, proxy evidence suggests that AMOC had already slowed and that North Atlantic SSTs were already cold before ice-rafted debris (IRD) deposition, challenging this view (2). Reconstructing event phasing across different proxy records is hampered by the difficulty in dating Heinrich sediment deposits (1) . As of yet, the intrastadial timings of individual Heinrich events have not been well determined, and estimates of individual event duration vary by an order of magnitude (1) . The sequence and phasing of millennial-scale climate phenomena appear to be intrinsically linked to the initiation of deglaciation (5), providing additional impetus for investigation.
Here we present a precise, highly resolved record of atmospheric methane (CH 4 ) concentrations, determined by a recently developed continuous measurement technique (6) , for the Last Glacial Period and the deglacial transition from the West Antarctic Ice Sheet (WAIS) Divide (WD) ice core (Fig. 1) . Ice core CH 4 is a globally integrated signal, primarily reflecting the response of the terrestrial biosphere, predominantly wetlands, to hydroclimatic change (7) . The WD trace gas record is especially appropriate for paleoreconstruction because rapid occlusion of air bubbles in the firn column results in minimal smoothing of atmospheric signals (estimated gas age distribution width 20 to 50 years, fig. S1 ). The sampling resolution of our CH 4 record varies between 0.5 and 13 years, meaning that all climatedriven CH 4 signals preserved in the ice are captured (8) . Continuous CH 4 analysis produces measurements with excellent internal precision [≤ T 0.5 parts per billion (ppb), 2s] that are reproducible to within T3 ppb (2s) over intervals of days to weeks (table S1).
Our continuous CH 4 record spanning 67.2 to 9.8 thousand years before the present (ky B.P.) (present = 1950 CE) (Fig. 1) (Fig. 1) . The close correspondence of these records can be related to latitudinal shifts in the Intertropical Convergence Zone (ITCZ) and its terrestrial component, which we refer to as tropical rain belts; during warm interstadials, the tropical rain belts migrate northward, intensifying Northern Hemisphere monsoonal rainfall and wetland CH 4 production, whereas the reverse occurs in cool stadials (7, 10) . Southern Hemisphere monsoonal strength proxies show an antiphase relationship across DO cycles: relatively wet during stadials and dry during interstadials (Fig. 1E) . However, these relationships break down within HSs 1, 2, 4, and 5.
In each case, the early HS is characterized by relatively low CH 4 concentrations, and the late HS commences with an abrupt 32 to 53 ppb CH 4 increase (Fig. 2) , which occurs at growth rates comparable to those of DO interstadial onsets (Fig. 1A) . Within late HSs 4 and 5, CH 4 concentrations overshoot before returning to a stable level after~90 and 160 years, respectively ( The abrupt CH 4 signals within HSs 1, 2, 4, and 5 are comparable in magnitude and rate to DO interstadial onsets (Fig. 1A) , and yet CH 4 appears to be completely decoupled from Greenland d (Fig. 2) rather than depletion, indicating reduction in the strength of the East Asian monsoon (10) . The excess CH 4 within late HSs 1, 2, 4, and 5 must therefore result from fundamentally different climatic conditions than interstadial CH 4 .
Other paleoclimate proxies from the Arabian Sea (13), northern Africa (14) , and Borneo (15) S8 ) suggest concurrent intensification of precipitation across the Southern Hemisphere tropics and subtropics during these intervals. Taken together, the paleoclimatic evidence suggests that the ITCZ occupied an extreme southerly location during HSs. Absolute dates on the Hulu speleothem in HSs 1 and 2, and speleothems from NE Brazil in HS 1 only, indicate that this southerly shift occurred abruptly partway through the stadial, as the anomalous CH 4 signals do (Fig. 2) . Southerly ITCZ displacement can occur in response to Northern Hemisphere cooling and sea-ice expansion (18) and is a consistent outcome of freshwater hosing experiments (19, 20) designed to simulate the effects of iceberg discharge.
This leads us to hypothesize that extended seaice cover and associated cold air temperatures in the north, resulting from Heinrich events (1), severely restricted the northerly seasonal migration of the tropical rain belts, forcing them to reside at southerly latitudes for longer periods during their seasonal evolution, thereby extending and intensifying the wet season across the Southern Hemisphere. A similar change in precipitation seasonality across South America has been observed in response to an extreme freshwater hosing experiment (20) . If the resultant gain in Southern Hemisphere tropical wetlands were to exceed the loss in the north, a net gain of CH 4 -producing wetland would result. The excess stadial CH 4 we observe could therefore have been sourced from the Southern Hemisphere, as speculated for individual events (11, 21) .
A first-order comparison of WD CH 4 and Greenland CH 4 data (9) suggests that little change in the CH 4 interpolar difference occurred between early and late HSs 4 and 5, supporting our hypothesized tropical source for the additional CH 4 . Ice core CH 4 isotopic data may also indicate an increased contribution of Southern Hemisphere wetlands to the CH 4 budget during late HS 4 (21) .
To explore our idea quantitatively, we use a heuristic approach in which the modern-day seasonal distribution of tropical (40°S to 40°N) land rainfall is modified in an idealized manner. We adopt an intense precipitation threshold [monthly average >5 mm day −1 (8)] as indicative of potential wetland presence. We highlight that potential wetland area peaks twice a year using this metric, once during the summer (monsoon season) of each hemisphere (Fig. 3A) , which is similar to the seasonal distribution of tropical CH 4 emissions (22) . The land rainfall distribution is modified by incrementally reducing the intensity of the boreal summer land rainfall peak and redistributing that rainfall, forcing it to occupy more southerly latitudes during the transitional seasons ( fig. S5 ) (8) .
As the boreal summer rainfall maximum is progressively reduced, the land area with intense rainfall in boreal summer decreases (Fig. 3A) , as does the annual average of land area with intense rainfall (Fig. 3B) . This is consistent with colder stadials having lower CH 4 concentrations, as observed (Fig. 1) . A minimum in the annual average land area with intense rainfall is reached at~60% of the boreal summer rainfall peak amplitude, corresponding to an~7% total loss of potential wetland area. Crucially, a further reduction of boreal summer rainfall causes a relative increase in potential wetland area of 400,400 km 2 as compared to the minimum (Fig. 3B) , primarily during October and November (Fig. 3A) .
Assuming that all of this additional land is indeed wetland, the increase can be roughly approximated to an increase in CH 4 ) between early and late HS phases (8), supporting our approach. This scenario provides a simple, heuristic explanation for the observations, but more complex changes in rainfall distribution, not captured by our seasonal modification, probably occurred. For example, warmer Southern Hemisphere temperatures may have caused southward movement of the austral summer rainfall peak (24), whereas we assume an unaltered austral summer rainfall peak. We have not adopted a coupled climate-biogeochemistry modeling approach because it is not yet clear how to effectively represent a regular Greenlandic stadial versus a Heinrich stadial; the different processes occurring in the North Atlantic are not adequately understood.
Given the framework outlined above-increased Southern Hemisphere CH 4 production in response to Northern Hemisphere cooling caused by a Heinrich event-and given that the atmospheric ) rainfall within 40°S to 40°N. Modern-day monthly distribution peaks twice a year, once in the summer of each hemisphere (black). The effect of modifying rainfall seasonality on this distribution is shown. Rainfall seasonality becomes increasingly Southern Hemisphereweighted by incrementally reducing the intensity of the boreal summer land rainfall peak, from 100% (black) to 90% (blue), 80% (light blue), 70% (dark green), 60% (light green), and 50% (orange), with the austral summer rainfall peak held fixed (8) .
(B) Annual mean percent of land area with intense rainfall for the same increments of the boreal summer land rainfall peak amplitude. (Fig. 2) , and closely correspond to calibrated 14 C-based estimates (1). Despite these encouraging signs, we cannot be certain of the phasing of events. For example, the scenario of Northern Hemisphere cooling leading to CH 4 increase that we describe could potentially occur before the Heinrich event, maybe even triggering the event. This seems an unlikely possibility, given the requirement for another forcing mechanism, the abrupt nature of the CH 4 signals, and their unique occurrence in Heinrich stadials, but it cannot be ruled out.
The direct impact of a Heinrich event must cease once the ensuing interstadial commences and Northern Hemisphere climate warms (Fig. 1) . We calculated maximum durations for the climatic impact of individual Heinrich events, perhaps largely on tropical hydrology, as ranging from 740 to 1520 years (Fig. 2) . These estimates are significantly higher than the best guess for the duration of the actual iceberg armada (1 to 500 years) (1). We therefore suggest that this duration is related to a prolonged state of severely slowed or collapsed AMOC, maintained by extensive North Atlantic sea ice. This does not preclude the likelihood that AMOC was already relatively weak before Heinrich events, but rather explains why AMOC strength remained low through an extended stadial period when most coupled models suggest recovery of the overturning circulation within a few hundred years (19) . The late HS plateaus in CH 4 concentration, particularly in HSs 4 and 5, are remarkably stable in comparison to interstadials (Fig. 1) , suggesting limited variability in tropical precipitation and a relatively stable AMOC state. It is tempting to speculate on whether we capture information about the actual iceberg armada duration in the~90-to 190-year CH 4 overshoots resolved during HSs 1, 4, and 5 (Fig. 2) . However, short-duration CH 4 overshoots are not unique to these events and are in fact a feature of nearly all interstadial onsets, possibly resulting from an intrinsic response of the atmospheric system to rapid reorganization or intensive methanogenesis in newly inundated wetlands.
We suggest that our results provide motivation for climate modeling experiments to further investigate the difference between regular stadials and Heinrich stadials in the North Atlantic region and their respective impacts on tropical climate. Moreover, it is intriguing that only Heinrich events 1, 2, 4, and 5 are associated with Southern Hemisphere CH 4 signals. These four Heinrich events have relatively thick and spatially extensive sediment deposits, rich in detrital carbonate (Fig. 1) sourced from the Hudson Strait, and are linked to surging of the Laurentide ice sheet (1) . Were the remaining Heinrich events too insignificant in scale to greatly perturb tropical climate, or did they not influence the same climate-sensitive location?
